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areas	were	 broadest	 for	 gymnosomes,	 especially	Clione limacina antarctica,	 whose	
observed	isotopic	niche	area	was	wider	than	expected	on	both	δ13C	and	δ15N	value	
axes.	We	also	found	that	trophic	position	significantly	increased	with	increasing	body	
length	for	Spongiobranchaea australis.	We	found	no	 indication	of	a	dietary	shift	 to‐
ward	increased	trophic	position	with	increasing	body	size	for	Clio pyramidata	f.	sulcata. 
Trophic	positions	ranged	from	2.8	to	3.5,	revealing	an	assemblage	composed	of	both	
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1  | INTRODUC TION































is	 very	patchy,	 particularly	 in	 the	Southern	Ocean,	 and	based	 almost	










different	 aspects	 of	 species’	 ecologies	 including	 traits,	 trophic	 in‐
teractions	(resource	use),	and	environmental	(habitat)	requirements	
(Elton,	 1927;	Hutchinson,	 1957).	Over	 the	 last	 decade,	 stable	 iso‐
topes	have	gained	popularity	as	an	approach	for	quantifying	the	tro‐
phic	niche	(thus	being	most	closely	analogous	to	the	Eltonian	niche,	
























The	 niche	 variation	 hypothesis	 (Van	 Valen,	 1965)	 proposed	 that	










size‐spectra	 to	 show	 positive	 relationships	 between	 trophic	 position	
and	body	 size	 (France,	Chandler,	&	Peters,	 1998;	 Jennings,	Pinnegar,	




dynamics	 of	many	polar	 organisms	 (Gutt	 et	 al.,	 2015),	 including	pre‐
dictions	made	that	may	see	narrowing	of	niche	areas	due	to	decreased	
prey	diversity,	an	increase	in	niche	overlapping	due	to	shifts	in	species	






2  | MATERIAL S AND METHODS
2.1 | Study area and sampling
Samples	were	collected	during	the	Kerguelen	Axis	(K‐Axis)	research	
voyage	aboard	the	RV	Aurora Australis	between	11	January	2016	and	
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recommends	 acidifying	 thecosomatous	 pteropods	 to	 remove	 car‐















an	 automated	 Elementar	 vario	 PYRO	 cube	 analyser	 interfaced	
with	a	continuous	 flow	 IsoPrime100	 isotope	 ratio	mass	 spectrom‐
eter	for	pteropods,	and	a	Thermo	Scientific	Flash	2000HT	analyser	
coupled	 with	 a	 Thermo	 Fisher	 Delta	 V	 Plus	 mass	 spectrometer	
through	 a	 Thermo	 Fisher	 Conflo	 IV	 for	 POM.	 For	 pteropods,	 SIA	
was	performed	at	the	Central	Science	Laboratory	(CSL),	University	
of	Tasmania	(Sandy	Bay,	Tasmania),	and	for	POM,	at	the	Australian	
Nuclear	 Science	 and	 Technology	 Organisation	 (ANSTO,	 Lucas	
Heights,	 Sydney).	 Isotopic	 ratios	were	expressed	 in	delta	 (δ)	 nota‐
tion	and	reported	as	parts	per	 thousand	 (‰)	deviations	from	con‐
ventional	 certified	 isotopic	 reference	 standards,	 Vienna	 Pee	 Dee	
Belemnite	(for	carbon)	and	atmospheric	air	(for	nitrogen)	(DeNiro	&	
Epstein,	 1978).	 At	CSL,	 laboratory	working	 standards	 of	 sulfanila‐
mide	were	repeated	every	6th	sample	for	both	isotopes	to	measure	
instrument	stability	and	precision.	Average	standard	deviations	on	
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triplicate	measurements	were	0.15‰	and	0.19‰	for	δ13C	and	δ15N	












effects	 (independent	 variables)	 on	 bulk	 isotopic	 values	 (dependent	




of	niche	metrics	 could	not	be	conducted	by	 site	as	 sample	 sizes	of	
gymnosome	species	were	lower	than	empirically	determined	recom‐
mended	sizes	(Syväranta,	Lensu,	Marjomäki,	Oksanen,	&	Jones,	2013).
2.5 | Niche dispersion metrics, trophic position, and 
body size
Interspecies	 isotopic	 niche	 widths	 were	 estimated	 using	 the	
Stable	Isotope	Bayesian	Ellipses	package	in	R	(SIBER)	version	2.1.3	
(Jackson	 et	 al.,	 2011).	 SIBER	 calculates	 bivariate	 standard	 ellipses	





a	 Bayesian	 framework	 to	 produce	 probable	 pairwise	 comparisons	








trophic	 position	 of	 a	 species	 is	 a	 continuous,	 numerical	 measure	
that	 represents	 the	 relative	 location	of	 a	particular	 species	within	
a	 trophic	 hierarchy	 (Carscallen,	 Vandenberg,	 Lawson,	Martinez,	 &	
Romanuk,	2012).	Trophic	positions	were	calculated	for	each	ptero‐
pod	species	separately	using	the	R	package	tRophicPosition	version	














3.1 | Species abundance and composition
One	thecosome	 (shelled)	and	 two	gymnosome	 (shell‐less)	pteropod	
species	 were	 identified:	 Clio pyramidata,	 Clione limacina antarctica 
(hereafter	 referred	 to	 as	 C. pyramidata	 and	 C. antarctica,	 respec‐




ramidata,	 4.8%	 for	C. antarctica,	 0.4%	 for	 S. australis,	 and	 5.2%	 for	
gymnosomes	unidentified	to	species	level	that	were	not	used	in	the	
subsequent	 SIA	 (Figure	 1).	 Latitudinal	 ranges	 were	 narrowest	 for	
S. australis	(60.4°S–62.7°S),	followed	by	C. antarctica	(61.4°S–67.0°S),	
and	C. pyramidata	(57.7°S–67.0°S).
3.2 | Bulk isotopic values of pteropods
δ13C	and	δ15N	values	were	obtained	from	185	individuals	represent‐
ing	all	three	pteropod	species	from	the	RMT8	samples	(C. pyramidata: 
n	=	152;	C. antarctica: n	=	24;	S. australis: n	=	9).	Pairwise	comparison	
tests	 indicated	 significant	 differences	 among	 stable	 isotopic	 values	
associated	with	parameters	tested	(MANOVA,	δ13C	and	δ15N	values,	




between	 each	 isotopic	 value	 versus	 spatio‐temporal	 variables	 (date,	








3.3 | Between‐species isotopic niche widths, 
overlap, and body size effects
Between‐species	 comparisons	 of	 pteropods	 revealed	 the	 largest	
mean	total	niche	area	was	for	C. antarctica	(8.15‰2),	followed	by	C. 
pyramidata	 (7.90‰2),	and	S. australis	 (4.19‰2)	 (Figure	6;	 see	Table	
S2).	POM	exhibited	mean	total	niche	areas	of	1.86‰2	(large	fraction;	
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n	=	7)	and	2.18‰2	(small	fraction;	n	=	8).	Mean	(95%	credibility	lim‐
its)	standard	ellipse	areas	(SEA	and	SEAc)	between	species	showed	












body	 length	 (mm)	and	δ15N	value,	whereas	 the	other	 two	species,	













exhibiting	 smaller	 niche	 areas	 than	 generalists,	 the	 thecosomes.	




isotopic	niche	areas	 for	gymnosomes	C. antarctica	 and	S. australis,	
compared	to	the	value	estimated	for	thecosome	C. pyramidata. The 
generally	accepted	idea	that	niche	width	positively	correlates	with	
diet	 breadth	 is	 based	on	 a	 common	assumption	 that	has	 emerged	




F I G U R E  2  Linear	relationships	between	δ13C	(upper	plots)	and	δ15N	(lower	plots)	and	sampling	dates.	For	C. antarctica: δ13C,	R2	=	0.50,	
p	<	0.05,	δ15N,	R2	=	0.34,	p	<	0.05;	C. pyramidata: δ13C,	R2	=	0.21,	p	<	0.05,	δ15N,	R2	=	0.06,	p	<	0.05;	S. australis: δ13C,	R2	=	0.11,	p	=	0.35,	
δ15N,	R2	=	−0.39,	p	=	0.85
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2010).	 Modeling	 efforts	 focused	 on	 the	 isotopic	 composition	 of	
marine	assemblages	have	confirmed	 that	estimations	of	 an	organ‐
ism's	trophic	niche	can	be	confounded	by	isotopic	variability	in	prey,	





The	 isotopic	 variation	within	 pteropod	 species	measured	 here	
suggests	niche	partitioning	and	could	point	to	their	distinctive	func‐
tional	 traits	as	observed	 through	anatomical	 structures	associated	
with	feeding.	Thecosomes	such	as	C. pyramidata	particle	feed	on	ma‐
rine	snow	by	deploying	an	external	mucus	web	to	capture	suspended	

















species	common	to	 the	 region	 (Hunt	et	al.,	2008;	Table	1).	By	our	
estimates,	S. australis	was	one	trophic	 level	above	 its	prey	C. pyra‐
midata,	 however	 despite	 obtaining	 a	 similar	 outcome	 to	 previous	
isotopic	work	evaluating	the	interaction	between	these	two	species	
(Table	1),	 these	 results	alone	cannot	confirm	a	direct	 trophic	 rela‐
tionship	without	supplemented	by	other	 lines	of	evidence,	such	as	









as	 this	 least‐abundant	 species	 was	 sampled	 within	 the	 narrowest	
F I G U R E  3  Linear	relationships	between	δ13C	(upper	plots)	and	δ15N	(lower	plots)	and	depth	(m).	For	C. antarctica: δ13C,	R2	=	−0.05,	
p	=	0.62,	δ15N,	R2	=	0.14,	p	=	0.07;	C. pyramidata: δ13C,	R2	=	0.006,	p	=	0.17,	δ15N,	R2	=	−0.006,	p	=	0.67;	S. australis: δ13C,	R2	=	−0.13,	p	=	0.60,	
δ15N,	R2	=	−0.13,	p	=	0.59




edge	of	 their	 specialist	 feeding	preference	 for	 thecosomes	 (Phleger,	
Nichols,	&	Virtue,	1997).	However,	the	niche	width	of	C. antarctica	was	





The	 unexpectedly	 wide	 niche	 area	 of	 C. antarctica	 might	 be	
a	 function	 of	 either	 diet	 switching	 to	 other	 unrecorded	 food	
sources,	and/or	driven	by	nutritional	stress.	One	study	posited	that	
C. limacina	 diet	may	 include	 other	 taxa	when	 the	 preferred	 prey	
Limacina	 species	 are	 limited.	 DNA‐based	 approaches	 used	 to	 in‐
vestigate	prey	within	Arctic	C. limacina	stomach	contents	revealed	
alternative	prey	items,	such	as	amphipods	and	calanoid	copepods	
(Kallevik,	 2013).	 Further,	 laboratory	 observations	 have	 demon‐
strated	 that	 C. limacina	 can	 survive	 between	 260	 and	 365	 days	
without	 prey	 due	 to	 an	 adaptive	 ability	 to	 reduce	 body	 size	 and	
metabolic	 rate	 as	 a	 consequence	 of	 efficient	 utilization	 of	 lipids	
and	 phospholipids	 stores	 (Böer,	 Graeve,	 &	 Kattner,	 2006,	 2007;	
Falk‐Petersen,	 Sargent,	 Kwasniewski,	 Gulliksen,	 &	 Millar,	 2001).	


















oratory	 tests	will	 need	 to	 be	 compared	with	 in	 situ	 estimates	 of	
niche	metrics	taken	from	C. limacina	sampled	in	years	where	prey	
species,	L. helicina,	were	also	abundant.
The	 qualitative	 concept	 of	 niche	 breadth	 can	 be	 fundamen‐
tal	 to	 understanding	 the	 adaptive	 capabilities	 of	 an	 organism	 or	
F I G U R E  4  Linear	relationships	between	δ13C	(upper	plots)	and	δ15N	(lower	plots)	and	latitude	(°S).	For	C. antarctica: δ13C,	R2	=	0.03,	
p	=	0.24,	δ15N,	R2	=	0.02,	p	=	0.27;	C. pyramidata: δ13C,	R2	=	−0.0001,	p	=	0.32,	δ15N,	R2	=	0.04,	p	<	0.05;	S. australis: δ13C,	R2	=	−0.14,	
p	=	0.62,	δ15N,	R2	=	−0.19,	p	=	0.84
8126  |     WELDRICK Et aL.
assemblage,	 and	 is	 potentially	 useful	 for	 investigating	 responses	
of	climate‐driven	changes	to	prey	availability	 (Sexton	et	al.,	2017).	
Recently,	 Henschke	 et	 al.,	 (2015)	 employed	 isotopic	 niche	 analy‐
sis	of	co‐occurring	zooplankton	and	suspended	POM	assemblages	
from	 the	 Tasman	 Sea	 under	 three	 different	 oceanographic	 water	
types	 and	 found	 that	 omnivorous	 zooplankton	 became	more	 car‐






decreased	 higher	 trophic	 species	 diversity	 and	 simplified	 habitats	
(Agostini	et	al.,	2018;	Vizzini	et	al.,	2017).





positively	 related	to	 lipid	content	 (Syväranta	&	Rautio,	2010)	which	
is	 depleted	 in	 13C	 relative	 to	 carbohydrates	 and	 proteins	 (Tieszen,	
Boutton,	 Tesdahl,	 &	 Slade,	 1983).	 Empirical	 evidence	 has	 shown	
that	lipid	extraction	has	a	significant	influence	on	stable	isotope	ra‐
tios	of	Southern	Ocean	pteropods,	 including	C. antarctica	 (Weldrick	
et	 al.,	 2019).	Clione	 spp.	 have	 developed	 a	 unique	metabolic	 adap‐
tation	 through	de	novo	biosynthesis	of	 large	deposits	of	1‐O‐alkyl‐
diacylglycerol	ethers	 (DAGE)	for	 long‐term	energy	storage	 (Kattner,	
Hagen,	Graeve,	&	Albers,	1998)	necessary	to	cope	with	food	limita‐









&	 Thomson,	 2016)	 and	 distinctive	 feeding	 strategies	 specialize	
ontogenetically	 for	many	 Southern	Ocean	 zooplankton	 (Schmidt	
et	 al.,	 2003;	 Zhang	 et	 al.,	 2017).	 Generally,	 food	 preference	 in	
pteropods	varies	with	age	and	season,	and	depends	on	food	par‐
ticle	 size	 and	 availability;	 with	 veliger‐	 and	 juvenile‐aged	 theco‐
somes	primarily	 relying	on	marine	POM,	and	adults	consuming	a	
largely	diatom‐based	diet	in	spring	and	summer	ahead	of	a	switch	
F I G U R E  5  Linear	relationships	between	δ13C	(upper	plots)	and	δ15N	(lower	plots)	and	longitude	(°E).	For	C. antarctica: δ13C,	R2	=	0.20,	
p	<	0.05,	δ15N,	R2	=	−0.001,	p	=	0.34;	C. pyramidata: δ13C,	R2	=	0.06,	p	<	0.05,	δ15N,	R2	=	0.06,	p	<	0.05;	S. australis: δ13C,	R2	=	0.07,	p	=	0.28,	
δ15N,	R2	=	−0.11,	p	=	0.55
































Wallis,	 Kawaguchi,	 Bestley	 and	 Swadling	 (submitted)	 identified	
and	 counted	 the	 preferred	 prey	 of	C. limacina,	 L. helicina; how‐
ever,	all	specimens	were	juveniles	with	an	average	shell	diameter	
of	0.4	±	0.1	mm	(see	Table	S4),	and	laboratory‐based	feeding	ex‐
periments	have	shown	that	adult	C. antarctica	 rarely	consume	L. 
helicina	smaller	than	~1	mm	(Conover	&	Lalli,	1972).	For	C. antarc‐
tica,	the	negative	relationship	between	trophic	position	and	body	






F I G U R E  7  Relationship	between	body	length	(mm)	and	trophic	
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size	measured	here	could	point	to	stress‐induced	isotopic	enrich‐
ment	within	nutrient‐limited	body	tissues	causing	body	shrinkage	





highly	variable	yet	 sometimes	dominant	densities	 in	proportion	 to	
other	zooplankton	groups,	contributing	up	 to	93%	of	 total	macro‐
zooplankton	(Hunt	et	al.,	2008),	and	strongly	tied	to	El	Niño	events,	
sea	 ice	 retreat,	 and	 the	 presence	 of	 prey	 (Thibodeau,	 Steinberg,	
Stammerjohn,	 &	 Hauri,	 2019).	 Our	 maximum	 abundance	 of	 272	
ind.	1,000	m−3	for	C. pyramidata	 is	within	the	range	of	2—996	 ind.	
1,000	 m−3	 previously	 recorded	 for	 other	 macrozooplankton	 sam‐
ples	 (4.5	mm	mesh	 size)	 throughout	 the	Southern	Ocean	 (Hunt	et	
al.,	2008).	Maximum	abundance	for	both	gymnosome	species	com‐
bined,	47	ind.	1,000	m−3,	was	high	compared	to	macrozooplankton	
samples	 throughout	 the	 Southern	Ocean,	 including	 the	maximum	
abundances	ranging	2.0—27	ind.	1,000	m−3	of	gymnosome	species	
combined	(Hunt	et	al.,	2008).
Linear	 regressions	 revealed	 a	 statistically	 significant	 positive	















lowest	 (between	70°E	 to	80°E)	 overlapped	with	 the	 lowest	δ13C	




F I G U R E  8  Bayesian	estimates	of	trophic	position	created	from	
20,000	Markov	Chain	Monte	Carlo	iterations	for	each	pteropod	
species
TA B L E  1  Bulk	stable	isotopes	(δ13C	and	δ15N)	signatures	(±	SD)	averaged	over	all	sampling	sites	and	species,	as	well	as	results	from	the	
same	Southern	Ocean	species	from	other	studies
Species Region n δ13C δ15N References
C. pyramidata S.	Kerguelen	Plateau 152 −28.1	±	0.9 3.8	±	0.6 This	study
Lazarev	Seaa 6 ~−26	to	−29.5 ~1	to	2 Hunt	et	al.	(2008)
SW	Indian	Ocean,	N	of	STC 3 −20.3	±	0.5b 5.6	±	0.2 Richoux	and	Froneman	(2009)c
SW	Indian	Ocean,	mid‐STC — −20.7b 4.1 Richoux	and	Froneman	(2009)c
SW	Indian	Ocean,	S	of	STC 2 −20.6b 0.4 ± 0.3 Richoux	and	Froneman	(2009)c
C. limacina S.	Kerguelen	Plateau 24 −28.3	±	1.1 4.5 ± 0.9 This	study
Lazarev	Seaa 3 ~−28.5	to	−29.7 ~2.5	to	3.7 Hunt	et	al.	(2008)
E.	Antarcticad 3 −30.8 5.1 ± 0.9 Jia	et	al.	(2016)
S. australis S.	Kerguelen	Plateau 9 −27.9	±	1.0 5.3 ± 0.3 This	study
Lazarev	Seaa 3 ~−27.5	to	−30 ~5.5	to	6.5 Hunt	et	al.	(2008)
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The	 pteropod	 species	 sampled	 from	 the	 southern	 extent	 of	






ing	 a	 50%	 to	 75%	 reduction	 in	 phytoplankton	 biomass	 and	 high	
sea	 ice	cover	which	resulted	 in	nutrient	stress‐related	decreases	
in	metabolic	 rates	 in	 both	 L. helicina antarctica	 and	 its	monoph‐






























scale	 and	 regionally	 comparative	 (Allan	 et	 al.,	 2013).	Monitoring	
variation	between	pteropod	species	 in	 their	 isotopic	niches	cou‐















employing	 isotopic	 niche	metrics	 and	 dispersion	 analyses	 to	 re‐
construct	 the	 trophic	 structure	of	 co‐occurring	 Southern	Ocean	
pteropods,	 and	 the	 need	 to	 expand	 this	 research	 to	 understand	
drivers	of	diet	behavior.
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